Objective: To identify the MRI parameters which best predict complete response (CR) to neoadjuvant chemoradiotherapy (CRT) in patients with locally advanced rectal cancer (LARC) and to assess their diagnostic performance.
INTRODUCTION
Rectal cancer is one of the most common cancers of the gastrointestinal tract, having high disease-related mortality. The incidence of rectal cancer in India is 4-5/100,000 population. 1 Delay in early recognition and diagnosis causes the majority of cases to present with locally advanced disease; this scenario being true in many places with poor access to healthcare facilities. 2 Neoadjuvant chemoradiotherapy (CRT) followed by surgical excision is the standard treatment in practice for locally advanced rectal cancer (LARC). However, there is a significant individual variation of response to pre-operative CRT; 9-25% of patients show complete response (CR), 54-75% of patients show tumour downstaging and others show no response. 3 High-resolution (HR) MRI is routinely used for preoperative tumour staging and for the assessment of response to therapy. The size of the tumour and qualitative assessment of change in signal intensity [tumour regression grade (TRG)] are the main criteria in use for response evalaution. 4, 5 Prediction of tumour response before surgery has considerable benefit in planning treatment strategy. Tumour regression and downstaging is also an important prognostic factor which affects local tumour recurrence rate and 5-year survival. 3 There are, however, difficulties in the interpretation of post-treatment T 2 weighted MR images owing to difficulties faced by radiologists in differentiating residual tumour, radiation-induced oedema and radiation-induced fibrosis.
6 Diffusion-weighted imaging (DWI) has been found to be useful in this regard.
This was based on the hypothesis that highly cellular tissues, such as tumours, restrict the diffusion of water molecules and thereby allow the identification of viable tumour from radiationinduced fibrosis and oedema. 8 The goal of this study was to find the best MRI features which would predict CR to neoadjuvant chemoradiation in LARC using pathological TRG, as described by Mandard et al, 9 as the reference standard.
METHODS AND MATERIALS
Study setting and study population This Institutional Review Board-approved (IRB Min No. 7657, Christian Medical College and Hospital, Vellore, India) prospective study was undertaken by the departments of radiology, colorectal surgery and pathology in a 2800-bedded tertiary-care teaching hospital in south India. Informed consent was obtained from all patients. To estimate the difference in the MRI appearance between the responders and non-responders with 80% power and 5% significance level, a total sample size of around 80 was estimated. 7 Consecutive patients who presented with LARC, i.e. clinical stage T3/T4 and any N or M stage, between April 2011 and April 2013 were included in the study if (a) they underwent CRT followed by surgery at our institution and (b) they underwent pre-and post-CRT MRI at our institution prior to surgical resection. Patients were excluded from the study if (a) there was a history of prior radiotherapy for rectal cancer or any other pelvic malignancies, (b) they could not undergo MRI owing to known contraindication to MRI or claustrophobia, (c) CRT was prematurely discontinued owing to their unwillingness to undergo further treatment, (d) surgery was delayed by more than 8 months after CRT or was cancelled owing to disease progression or inoperable malignancy and (e) post-CRT MRI was not performed.
Pre-and post-CRT MRI All patients underwent MRI on a 3.0-T whole-body MR system (Intera 22 Achieva 3.0 T ™ ; Philips Healthcare, Best, Netherlands) with a 16-channel phased-array coil as the receiver coil (3.0-T SENSE XL Torso MRI coil; Philips Healthcare). All patients underwent preoperative staging MRI of the abdomen and pelvis prior to initiation of treatment. Subsequently, patients underwent only MRI of the pelvis prior to surgery approximately 6-8 weeks after neoadjuvant CRT for restaging of the rectal cancer.
The MRI protocol is shown in Table 1 . Standard HR T 2 weighted MRI of the pelvis was performed in sagittal, oblique axial (perpendicular to the rectum) and oblique coronal (parallel to the rectum) planes. Diffusion-weighted MR images were obtained in the same oblique axial plane as T 2 weighted HR images using respiratory-triggered, single-shot, echoplanar imaging with b-values of 0, 400 and 800 s mm 22 , respectively. Depending on the respiratory efficiency of each patient, the acquisition time for this sequence ranged from 4 to 5 min. The apparent diffusion coefficient was calculated using a monoexponential function with b-values of 0, 400 and 800 s mm 22 , respectively.
Image analysis
Pre-and post-CRT MRI were reviewed on a picture archiving and communication system (GE Healthcare, Barrington, IL) workstation by two consultant gastrointestinal radiologists (AE and AC) with 10 and 5 years' experience and one radiologist in training (KS). The radiologists were blinded to the surgical notes and pathology reports. T2W HR scans and DWI of the pre-and post-CRT MRI were assessed at different time periods.
The following observations were made in consensus on the pre- increase in the ADC value, termed as the tumour apparent diffusion coefficient increase rate (TAIR). The ΔADC was calculated by subtracting the pre-CRT ADC value from the post-CRT ADC value, and the TAIR was defined as the percentage increase in the ADC value.
Visual assessment of CR on DWI and T2 HR images was also documented separately for each radiologist, irrespective of the results of volume assessment on T2 HR MRI and DWI. CR on DWI (ydwiT0) was defined as the complete absence of hyperintense foci in the region of rectal tumour on B800 images. CR on T2 HR images was defined as the restoration of rectal wall thickness and morphology similar to a segment of uninvolved bowel. Marked hypointensity on T 2 HR images was considered as an area of fibrosis and indeterminate for CR. The mesorectal nodes were not taken into account while assessing for CR in DWI and T 2 weighted images.
Volumetric analysis
In order to standardize how the volume of the tumour will be obtained and to minimize the interobserver variability, all three observers (Observer 1-AE, Observer 2-AC and Observer 3-KS) measured the volumes of the rectal tumour in 20 consecutive patients on both T 2 weighted HR MRI and DWI. After having obtained a good interobserver agreement between the observers (intraclass correlation coefficient 5 0.76), Observer 3 (KS) alone assessed the volume of the tumour with the other readers contributing when necessary. Volumetric assessment took a mean time of 25 6 7 min per MRI study.
The tumour was manually outlined on each section of the T 2 HR axial images and on DWI. The volume of the tumour was calculated by multiplying the sum of areas of all sections by the sum of the interslice gap and slice thickness. For those tumours which were circumferential, the lumen of the rectum was included in the calculated volume to reduce variability in the volume assessment. While assessing post-CRT MRI, the hypointense areas on T 2 weighted HR MRI were also included in the measured tumour volume. This was owing to the difficulty perceived in differentiating the tumour tissue from fibrosis. While assessing DWI, only the tissue which showed restricted diffusion, i.e. the tissue which is markedly hyperintense on B800 DWI and hypointense on ADC map, was outlined and used for calculating the tumour volume. In patients with a T 2 markedly hyperintense tumour, the tumour volume was calculated on T 2 weighted HR images. However, the volumetric assessment of these tumours on DWI was not accurate, since T 2 markedly hyperintense rectal tumours showed T 2 shinethrough effect or facilitated diffusion, i.e. they appeared hyperintense on both DWI and ADC map. Thus, in these tumours, the entire hyperintense region on DWI was included for volume calculation. As it was not possible to delineate areas of true diffusion restriction in T 2 markedly hyperintense tumours, a separate subgroup analysis after excluding these tumours was also carried out.
Apparent diffusion coefficient analysis using parametric maps To obtain ADC values, regions of interest (ROIs) were drawn on an ADC map along the outline of the tumour in three sections with the maximum bulk of the tumour. The average of the three values was calculated and taken as a representative tumour ADC value. In case of studies which did not show any areas of restricted diffusion after neoadjuvant therapy (CR), the ROIs were placed in the region of the tumour in the pre-CRT MRI and region of restricted diffusion on pre-CRT DWI.
All the above-mentioned MRI findings, including the volume of the tumour in the T 2 HR images and DWI, TVRR, ADC values of the tumour measured pre-CRT and post CRT and TAIR, were compared between histopathological complete responders and non-complete responders. A subgroup analysis of all the above parameters was also carried out for tumours showing restricted diffusion. The comparison between the complete and noncomplete responders was made within this subgroup.
Histopathology and pathological tumour regression grade
The resected specimens of the rectal cancer were received in the laboratory and were fixed in 10% buffered formalin for approximately 24-48 h. After fixation, the entire primary tumour was sectioned at 4-5-mm intervals. The tissue was embedded in paraffin, then sliced at a thickness of 4 m m and stained with haematoxylin and eosin. Four to eight sections of the tumour were examined. The pathological specimens after resection were reviewed by a single gastrointestinal pathologist with 10 years' experience. The histopathological characteristics of the tumour and the response to pre-operative chemoradiotherapy were evaluated. The response to chemoradiotherapy was graded using a grading system adapted from Mandard et al. 9 The tumour response was graded as follows: TRG 1-complete regression with the absence of residual cancer and fibrosis extending through the wall (ypT0); TRG 2-rare residual tumour cells scattered throughout the fibrosis (near CR); TRG 3-predominant fibrosis but increase in the number of cancer cells (moderate response); TRG 4-residual cancer cells outgrowing the fibrosis (minimal response); and TRG 5-absence of regressive changes (no response). Evidence of pathological complete response (pCR) was defined as the absence of viable adenocarcinoma in the surgical specimen. In the absence of tumour cells, fibrosis, haemorrhage, necrosis, inflammation and the presence of lakes of mucus without tumour cells were considered as post-treatment changes. Standard pathologic tumour staging of the resected specimen was performed in accordance with the guidelines of the American Joint Committee on Cancer. In order to compare the MRI features described above, between complete responders and non-complete responders, patients were stratified into two groups based on histopathological TRG: CR group comprised TRG 1 (ypT0) and non-complete response (non-CR) group comprised of TRG 2-5.
Statistical analysis
Statistical analysis was carried out using IBM SPSS® Analytics 16.0 software (IBM Corp., New York, NY; formerly SPSS Inc., Chicago, IL). The following were compared between the CR and non-CR groups using Wilcoxon signed rank test/Mann Whitney U test: the volume of the tumour on pre-CRT T 2 weighted HR MRI and DWI, volume of tumour on post-CRT T 2 weighted HR MRI images and DWI, percentage change in volume on T 2 weighted HR MRI and DWI between pre-and post-CRT MRI, pre-and post-CRT ADC value and percentage change in ADC values between pre-and post-CRT MRI. The following were compared between the CR and non-CR groups using x 2 test: the location, signal intensity, T and N stage of the cancer, the CRM and radiologists' independent assessment of CR on T2 HR and DWI. Univariate and multivariate analysis was performed to identify the best MR imaging predictors of CR, and their diagnostic performance was assessed using receiver-operating characteristic (ROC) curves. The best cut-off value which predicts CR for continuous variables like TVRR was obtained from ROC analysis. This cut-off value was used to convert the continuous variable into a dichotomous variable. The sensitivity, specificity, positive-predictive value (PPV), negative-predictive value (NPV) and accuracy of the best predictors of CR were calculated from x 2 test of contingency, setting as reference standard the histopathological CR. The difference in the diagnostic performance between the best predictors of CR was assessed using McNemar's test. Interobserver agreement for predicting CR on DWI (ydwiCR/ydwiT0) was determined using kappa statistics. Results of interobserver agreement were interpreted using the guidelines of Landis and Koch 10 
RESULTS

Patients
The number of patients who were operable and consented for surgery was 70. Among these, six patients were excluded for the following reasons: other histological types in two patients (one patient with squamous-cell carcinoma and other patient with neuroendocrine tumour), non-availability of diffusion-weighted images in three patients and one patient was excluded because the MRI was performed after excision of a malignant polyp and there was no residual abnormality.
A total of 64 patients (48 males and 16 females) with mean age of 49.48 6 14.3 years, range of 23-74 years, were included for final analysis. All these patients had LARC in the following stages at presentation: Stage IIA, 2 patients (3.1%); Stage IIIB, 49 (76%); Stage IIIC, 6 (9.3%); Stage IVA, 4 (6.2%); and Stage IVB, 3 (4.6%). The median time between the restaging MRI and surgery was 11.8 days. The majority of patients had low rectal cancers (n 5 40, 62.5%). 19 (29.7%) patients had mid-rectal cancer and 5 (7.8%) patients had high rectal cancer. 61 (95.3%) patients underwent neoadjuvant long-course chemoradiotherapy (LCCRT) and 3 (4.7%) patients underwent neoadjuvant short-course chemoradiotherapy. 31 patients (48.4%) underwent abdominoperineal excision and 33 (51.6%) patients underwent low anterior resection. Table 2 shows the histopathological type and grade of rectal cancer along with its pathological TRG. The histopathology of 11 patients revealed ypT0 (TRG 1). The rest of the patients were non-complete responders and their TRG were as follows: TRG 2 5 12, TRG 3 5 21, TRG 4 5 17 and TRG 5 5 3 patients.
MRI features of the rectal cancer
Pre-treatment T 2 weighted HR MRI revealed intermediate signal intensity tumours in 47 (73.4%) patients, hyperintense tumours in 8 (12.5%) patients and mixed intermediate and hyperintense tumours in 9 (14.1%) patients. All patients (n 5 8) with T 2 hyperintense rectal tumours and two patients with mixed signal intensity rectal tumours on pre-CRT MRI showed facilitated diffusion/T 2 shinethrough on pre-CRT DWI. The rest of the tumours showed areas of restricted diffusion. Among the 10 tumours showing facilitated diffusion, 8 tumours were mucinous/signet-ring-cell tumours, 1 tumour each was moderately differentiated adenocarcinoma and poorly differentiated adenocarcinoma, respectively. 60 (93.8%) patients had T3 disease and the rest of the patients had T4 disease. 2 (3.1%) patients had no significant mesorectal nodes, 26 (40.6%) patients had N1 disease and 36 (56.3%) patients had N2 disease in the pre-treatment staging MRI. Seven (10.9%) patients had metastatic disease which involved metastases to the liver (n 5 2), lung (n 5 2) and pelvic nodes (n 5 3).
Among the 11 patients with pCR (TRG 1), post-CRT DWI predicted CR (ydwiT0) in 9 patients. In the other two patients with pTRG 1, yDWI predicted TRG 2 in one patient and TRG 3 in the other. On the other hand, post-CRT T2 HR MRI predicted CR (TRG 1) in only one patient; the rest were given a higher TRG on the post-CRT T2 HR MRI (TRG 2 5 6, TRG 3 5 3 and TRG 4 5 1). Table 3 shows the median volume of tumour measured on T 2 HR MRI and DWI in complete responders (CR 5 TRG 1) and nonresponders (non-CR 5 TRG 2-5). The mean rate of tumour volume reduction (TVRR) as measured on DWI was 97.03% among the complete responders and 67.46% among the non-complete responders, and the difference in the TVRR among the two groups was significant, p ,0.001. There was no significant difference in the mean pre-CRT ADC values between the CR (0.977 3 10
23
) and non-CR group (1.013 3 10 
Predictors of complete response (ypT0)
In univariate analysis, the MRI features which predicted ypT0 were low pre-CRT tumour volume on (Figure 1 ). The sensitivity, specificity, PPV, NPV and accuracy of visual assessment on DWI in predicting CR (ydwiT0) was 81.8%, 94.3%, 75%, 96.1% and 76%, respectively. The sensitivity, specificity and accuracy of TVRR of .95% as a predictor of CR was 80%, 84.1% and 64.1%, respectively. Figure 2 depicts a case of CR on DWI which showed residual tumour on T2W MRI.
An exact McNemar's test showed that there was no statistically significant difference in the assessment of CR between ydwiT0 and TVRR of .95% on DWI (p-value 5 0.125).
Analysis among the subgroup of patients showing restricted diffusion 54 patients had areas of restricted diffusion within the tumour, while 10 patients demonstrated facilitated diffusion. There was no significant improvement in the diagnostic performance of DWI in predicting complete responders when only tumours with foci of restricted diffusion on pre-CRT MRI were analysed separately. The sensitivity, specificity, PPV and NPV of DWI in predicting CR (ydwiT0) among this subgroup was 80%, 93.18%, 72.73% and 95.35%, respectively.
DISCUSSION
Surgery is the main curative option in rectal cancer. The only indication for neoadjuvant CRT, supported by randomized control trials, is locally advanced disease (T3 with threatened CRM, T4 lesions). 11 These lesions are hence initially treated with neoadjuvant CRT followed by surgery. Response to neoadjuvant CRT given by pathological TRG has an important bearing on the prognosis and is obtained only after surgery. However, with increasing use of restaging MRI following LCCRT, there have been several attempts to identify MRI features that predict response to LCCRT.
Researchers initially assessed the role of T2W MR volumetry in predicting response with conflicting results. 12 Following this, DWI was studied extensively as a non-invasive tool which assesses treatment response in various oncologic conditions. 13 A few studies have shown DWI to have a higher sensitivity in the detection of residual tumour, clearance of mesorectal fascia and also in identifying pathological complete responders. [14] [15] [16] [17] [18] [19] [20] It has been postulated that DWI can be used to identify early radiation-induced fibrosis and hence prevent overstaging of disease. Delineation of residual tumour might be better appreciated on DWI than on conventional T2W images. 14, 21 With this knowledge in the background, we aimed to identify the best MRI predictors of CR to neoadjuvant CRT (ypT0) in LARC.
Among the various parameters we studied, only two MRI features best predicted CR. They were CR predicted by the radiologist on B800 DWI (ydwiT0) and TVRR of .95% on DWI. None of the other MRI findings were helpful in predicting CR. The diagnostic performance of ydwiT0 as predicted by the radiologist was excellent (AUC 5 0.881, PPV 5 75%, NPV 5 96%), with substantial-toexcellent agreement between the observers. The results are in concordance with some of the other studies. [19] [20] [21] [22] High NPV of DWI shows its usefulness in ruling out CR, as also shown by Sassen et al 23 in a retrospective study. In another multicentre retrospective study of 120 patients by Lambregts et al, 24 the sensitivity for the prediction of CR increased from 0-40% to 52-64% after the addition of DWI with an equally high specificity of 89-98%. Song et al, in a retrospective study on 50 patients, found that adding DWI to T2W MRI is helpful for detecting residual tumour compared with T2W or positron emission tomography/CT alone. The diagnostic accuracy increased for the two readers from 64 and 76% to 86 and 90%, while the sensitivity improved from 64-77% and 91-98%. 25 Kim et al also reported similar findings. On the other hand, Wu et al 26 in
a meta-analysis of 14 studies involving 751 patients reported a nonsignificant improvement in sensitivity for the prediction of tumour response after addition of DWI to T2W MRI.
Secondly, the tumour TVRR of .95% as measured on DWI was useful in predicting CR with an AUC of 0.843. Multivariate analysis showed that individual volume measurements obtained on T 2 HR images and DWI obtained on pre-and post-CRT imaging were not useful in predicting CR. These results are in concordance with most studies that have shown benefit in performing TVRR for assessing disease response. 27, 28 However, most studies have evaluated TVRR based on T2W volumetry. Their results indicate that a TVRR of .70-80% had a significant association with CR. [27] [28] [29] In a prospective study of 34 patients, Kim et al 12 found no difference in the TVRR on T2 HR MRI among the responders (TRG 1 and 2) and non-responders (TRG 3-5).
Studies on DWI revealed that volume analysis on post-CRT DWI was more accurate than on T2W images for the prediction of CR. In a retrospective study of 35 patients, Jung et al 30 observed a significant difference in the post-CRT volumes measured on DWI among the responders (2.1 cm 3 ) and non-responders (6 cm   3 ). Curvo-Semedo et al, 7 in another retrospective study of 50 patients, observed similar findings, median values measuring 0.03 and 1.5 cm 3 among the 2 groups, and they found that TVRR measured on T 2 weighted images and DWI were equally accurate in assessing response. However, in our series, we found that neither post-CRT volumes measured on T 2 HR images or DWI nor the TVRR measured on T 2 HR MRI was useful in predicting CR. The only volume parameter which was useful in predicting response was TVRR .95% measured on DWI. While some studies have shown ADC values to be a useful predictor of response, others have shown no such use. High post-CRT ADC and low pre-CRT ADC values were found to be helpful in predicting CR, 3, 19, 31 and in post-CRT MRI, the viable tumour had lower ADC value (0. ). 25 According to Sun et al, 3 early increase in ADC along with a low pre-treatment ADC value correlated with a good response to chemoradiation. However, we did not find any significant difference in the ADC values, TAIR and ΔADC values between the complete responders and non-responders. There are other studies which have shown similar results. 7, 14 This discrepancy may be related to the fact that a significant component of our study population comprised of the mucinous and signet-ring-cell type of adenocarcinoma (approximately 13%). These tumours demonstrate a T 2 shine-through effect on DWI, and in view of this, the ADC values were high on both pre-and post-CRT ADC maps. These tumours are also known to be resilient to CRT.
A subgroup analysis was performed among the patients showing rectal cancer with restricted diffusion (n 5 54). This was performed because in the tumours showing facilitated diffusion (T 2 shine-through effect), the prediction of CR on DWI alone is not possible. It was thought that this might influence the results. However, there was no significant improvement in the diagnostic performance of DWI in predicting complete responders when only tumours with foci of restricted diffusion on pre-CRT MRI were analysed separately.
Overall, our results are in concordance with most studies which have shown promise in the use of DWI in radiated tissues. Although the usefulness of all the described parameters could not be confirmed, we observed that visual assessment of DWI alone and tumour volume reduction of .95% on DWI were the most useful MRI predictors of pCR. The clinical relevance would be that these parameters can be used for the selection of patients with CR, thereby aiding in prognostication and also allowing an option for conservative management. As there was no statistically significant difference in the diagnostic performance of these two parameters and volume measurements being more cumbersome, visual assessment alone can provide the same information with a high diagnostic accuracy.
Our study has a few limitations. Firstly, we assessed the volume of the tumour on DWI by manually tracing the areas of restricted diffusion, and the volume measured may not be accurate. Use of the parametric response map may have increased the accuracy. Secondly, we assessed the mean ADC value of the tumour in the same locations of the tumour pre-CRT and post CRT. This method does not take into account the heterogeneity in the region assessed. This may have led to no significant change in ADC between the pre-CRT and post CRT. A histogram analysis of the tumour may have given a more accurate picture of post-treatment change in ADC. But, this was beyond the scope of this study. Thirdly, it must be admitted that the conclusions were based on 11 patients with pCR among the 64 recruited patients with LARC. Thus, findings of this study may need to be tested in larger number of patients. Lastly, this study assessed the primary tumour only. The nodal stage was not assessed separately to identify the tumour response. However, this was not clinically relevant, as surgery was not withheld in any of our patients owing to progression of nodal involvement.
In conclusion, the visual assessment of CR on DWI (ydwiT0) is an excellent predictor of pCR with accuracy comparable with volumetric assessment of the tumour volume reduction. Quantitative methods, although promising, are cumbersome and are not standardized among various studies. CR predicted by the visual assessment of B800 DWI can be used as a more practical method of predicting complete responders in day-to-day practice.
